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Abstract: The objective of this article is to provide a review of friction stir processing
(FSP) technology and its application for microstructure modiﬁcation of particle reinforced
composite materials. The main focus of FSP was on aluminum based alloys and composites.
Recently, many researchers have investigated this technology for treating other alloys and
materials including stainless steels, magnesium, titanium, and copper. It is shown that
FSP technology is very effective in microstructure modiﬁcation of reinforced metal matrix
composite materials. FSP has also been used in the processing and structure modiﬁcation
of polymeric composite materials. Compared with other manufacturing processes, friction
stir processing has the advantage of reducing distortion and defects in materials. The layout
of this paper is as follows. The friction stir processing technology will be presented ﬁrst.
Then, the application of this technology in manufacturing and structure modiﬁcation of
particle reinforced composite materials will be introduced. Future application of friction
stir processing in energy ﬁeld, for example, for vanadium alloy and composites will be
discussed. Finally, the challenges for improving friction stir processing technology will be
mentioned.
Keywords: friction stir processing; particle reinforcements; composite materials
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Introduction

Friction stir processing (FSP) is a solid state process known for its ability to modify microstructures
and provide improved properties over conventional processing technologies [1–12]. The development
of friction stir processing (FSP) is based on the friction stir welding (FSW) technology. Both FSW and
FSP have the same process principle and share the same facilities as shown in Figure 1(a). FSW works
by plunging a spinning tool into the joint of two materials and then traversing the rotating tool along the
interface. The friction caused by the tool heats up the materials around the pin to a temperature below
the melting point. The rotation of the tool “stirs” the material together and results in a mixture of the
two materials. In FSP, a specially designed rotating pin, as shown in Figure 1(b), is ﬁrst inserted into the
material to be processed with a proper tool tilt angle and then move along the designed paths. The pin
produces frictional and plastic deformation heating within the processing zone. As the tool pin moves,
materials are forced to ﬂow around the pin. Material ﬂows to the back of the pin, where it is extruded
and forged behind the tool, consolidated and cooled under hydrostatic pressure conditions. It is evident
that FSW and FSP share the same mechanism as schematically illustrated in Figure 1(c). That is why in
some literatures, the uses of the two terms are interchangeable. However, they do have different purposes
in practical applications. The goal of FSW is to join two plates together, whereas FSP aims at modifying
the microstructure of a single workpiece or multiple workpieces.
Figure 1. Equipment for friction stir processing: (a) picture of friction stir processing
machine (after Wang et al. [3]); (b) tool pin (after Ceschini et al. [11]); (c) schematic
showing the principle of friction stir processing (after Mishra et al. [12]).

(b)

(a)

(c)

Friction stir processing is most commonly used with aluminum [13–22], but it is also used
for processing other alloys, for example, Ni-based intermetallic compound modiﬁed bronzes [23],
Zr alloys [24], tool steels [25,26] and Mg alloys [27–33]. The advantages offered by friction
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stir processing method make it suitable for many applications. Recently, friction stir processing
technology has been used in aerospace, automotive, marine, and railroad industries along with
various other applications. Experimental [34–43], analytical [44,45] and computational studies of
friction stir processing nanocomposites [46,47] have been performed. Speciﬁcally, the effects of
processing parameters on microstructure evolution, deformation behaviors and mechanical properties
are investigated [48–52].
2.

Friction Stir Processing of Aluminum Matrix Composites

Friction stir processing has been used in various type of particle reinforced aluminum composite
materials. SiC particle reinforced aluminum alloys have been studied the most [25,43,53–56]. For
example, the feasibility of making bulk SiCp reinforced aluminum metal matrix composites (MMCs)
with the dimension of 150 mm in length, 60 mm in width and 6 mm in depth via friction stir processing
(FSP) was demonstrated by Wang et al. [3]. Good interface bonding between particles and the base
metal can be obtained. The volume percentage of SiCp is about 1.5% in the reinforced region. The
microhardness of the reinforced MMCs is 10% higher than that of the base metal, Al-6Mg-Mn.
Tewari et al. [53] studied the effect of SiC particle orientation change due to friction stir
processing. High-resolution, large-area images were obtained to show the detailed microstructural
data for SiC/A6061 composite materials, both before and after single friction stir processing step.
The SiC reinforcement particles were found to have anisotropic shape with an average aspect ratio
around 1.6 to 1.8. The scanning electron microscopic image of the composite in Figure 2(a) shows
such a morphological feature. From particle orientation statistics, it was found that there are preferred
orientations for the nonequiaxed SiC particles after extrusion processing. As shown in Figure 2(b),
the alignment of the SiC particles is parallel to the extrusion direction. The extrusion axis is vertical.
The preferred orientation can be modiﬁed during passage of the friction stir tool. In Figure 2(c), the
redistributed particles at 45◦ to the extrusion and transverse directions can be seen. The FSP tool motion
is horizontal, left to right. The microstructural data consistently indicate that signiﬁcant microstructural
modiﬁcations occur during FSP, including re-orientation of the reinforcement particles, and a signiﬁcant
reduction in the levels of microstructural heterogeneity and microstructural anisotropy.
The grain structure change in friction stir processed materials has caught considerable attention.
Prangnell and Heason [57] investigated the microstructure development in selected zones. What they
found is that the deformation ﬁeld surrounding the rotating pin caused the formation of the ultraﬁne
grained nugget material. In the friction stir processing zone far away from the tool pin, the grains can
be seen splitting into deformation bands due to the ﬂow of the Al4.8Cu0.9Li alloy as marked by i in
Figure 3(a). In the zone closer to the tool pin, increase in misorientation and reduce in spacing of the
grains were found as marked by ii at the upper left corner in Figure 3(b). Finely spaced, parallel bands
were also found and they broke up along their length by thermally and mechanically assisted boundary
migration to form ﬁne nugget-scale grains marked by iii at the lower right corner in Figure 3(b). In
Figure 3(c), the enlarged ﬁne nugget-scale grains are shown. The material is immediately next to the pin
surface.
Friction stir processing alumina particle reinforced aluminum alloys has also been studied [9,58–61].
Shaﬁei-Zarghani et al. [9] used friction stir processing (FSP) to incorporate nano-sized Al2 O3 into
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AA6082 aluminum alloy to form particulate composite surface layer as shown in Figure 4(a). The
Al2 O3 particles have an average size of about 50 nm. Perfect bonding between the surface composite
and the aluminum alloy substrate was achieved as shown by the defect-free interface in Figure 4(b).
Mechanical properties include microhardness and wear resistance were tested. The results show that the
increasing in number of FSP passes causes more uniform distribution of nano-sized alumina particles.
The microhardness of the surface improves by three times as compared to that of the as-received Al
alloy. A signiﬁcant improvement in wear resistance in the nano-composite surfaced Al was observed as
compared to the as-received Al alloy. The wear rate is reduced to one third of that of the as-received
Al alloy when friction stir processed composite layer was incorporated as shown by the curves in
Figure 4(c).
Figure 2. Microstructure change in SiC particle reinforced A6061 due to friction stir
processing (after Tewari et al. [53]): (a) scanning electron microscopic image of the
composite showing the anisotropic shape of SiC particles; (b) as-extruded SiC/Al; (c) after
FSP.

(a)

(b)

(c)

Figure 3. Electron backscatter diffraction (EBSD) maps showing the development of
grain structures in different zones associated with the strain and temperature change in
friction stir processing (after Prangnell and Heason [57]): (a) materials far away from the
tool pin showing split grains into deformation bands; (b) materials close to the tool pin
showing parallel bands separated by ﬁne grains; (c) very ﬁne nugget grains in the material
immediately next to the tool pin surface.
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Figure 4. Microstructure and wear property of friction stir processing alumina particle
reinforced A6082 aluminum alloy (after Shaﬁei-Zarghani et al. [9]): (a) optical micrograph
showing the composite top layer and the bottom layer of matrix alloy; (b) SEM image
showing the well bonded interface between the two layers; (c) comparison of wear rate of
the as-received alloy and the material with a surface nano-composite layer produced by four
FSP passes.

(a)

(b)

(c)

Similar to SiC reinforced aluminum composites, the stirring of the FSP tool has a substantial inﬂuence
on the distribution of alumina particles in Al2 O3 /Al composites [60]. The stirring of the tool can also
change the shape of the reinforcement particles. It breaks off the sharp edges of the bigger particles,
rounding them up at the same time [61]. This action results in smaller, round particles in the nugget,
which can be seen from the micrographs in Figure 5. Figure 5(a) represents the morphology of the Al2 O3
particle reinforced AA6061 before FSP. Sharp corners of the particles are very clearly shown. After
FSP, scattering in the size distribution of the Al2 O3 particles within the composite material were more
pronounced, which can be easily found from the morphological features shown in Figure 5(b). Many
small particles are around those big-sized ones. This is due to the fracture of the original Al2 O3 particles.
In addition, some sharp Al2 O3 particles became rounded. Structure transition was also observed in the
area close to the nugget as shown in Figure 5(c).
Macrostructure observations on friction stir processed Al2 O3 particle reinforced aluminum
composites revealed three distinct zones, i.e. the heat affected zone (HAZ), thermomechanically affected
zone (TMAZ) and dynamically recrystallized nugget zone. The microstructure change in HAZ is less
obvious. However, particle fracture was found in this zone as indicated by Cavaliere [61]. In the
thermomechanically affected zone (TMAZ), deformation bands was observed as shown in Figure 6(a).
In the nugget zone, recrystallized microstructure and fractured particles are the major morphological
features as illustrated by Figure 6(b). There exists difference in microhardness of these zones. As shown
in Figure 6(c), the microhardness for the material in the nugget zone is the highest because the grain size
is the smallest in this zone.
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Figure 5. Effect of friction stir processing on the distribution of alumina particles in 6061
aluminum alloy (after Marzoli et al. [60]): (a) micrograph showing the composite before
FSP; (b) micrograph showing the composite after FSP; (c) microstructure transition near the
nugget zone.

(a)

(b)

(c)

Figure 6. Different zones generated by friction stir processing as revealed by morphology
and microhardness proﬁle (after Cavaliere [61]): (a) micrograph showing the deformation
bands in TMAZ; (b) recrystallization in nugget zone; (c) microhardness proﬁle in the FSP
Al2 O3 /AA2618 composite.

(a)

(b)

(c)

In addition to SiC and Al2 O3 particles, B4 C particles were used to make discontinuously reinforced
aluminum composite. The structures of the composite with AA6063 matrix reinforced by 6 and
10.5 vol % B4 C particles were modiﬁed by friction stir processing [62]. The EBSD orientation map,
Figure 7(a), shows the grain structure of the AA6063 aluminium alloy. The presence of B4 C particles
and the volume content did not change the grain structure much. The composite with 6% of B4 C particles
has almost the same equiaxed grain structure as the matrix alloy. In Figure 7(b), the morphology of the
composite is shown. After friction stir processing, the reﬁned grains were observed within the composite
as revealed by Figure 7(c). This indicates that the grain size of the AA6063 aluminium matrix is reduced
considerably in the stirred zone. However, the size and shape of B4 C particles were not signiﬁcantly
changed by FSP. Rather, the particle distribution in the matrix was more uniform and the number and
size of reinforcement particle clusters were reduced in the stirred zone. It was also found that during FSP,
dynamic recrystallization happened in the nugget zone. The continuous evolution of aluminium grain
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structure from coarse grains of the AA6063 matrix alloy via subgrain development occurred within
coarse grains to the reﬁned, equiaxed grains in the center of FSP zone.
Figure 7. AA6063 and B4 C particle reinforced composite (after Chen et al. [62]): (a) EBSD
orientation map showing the grains of AA6063; (b) B4 C particle reinforced composite before
FSP; (c) B4 C particle reinforced composite after FSP.

(a)

(b)

(c)

Nanoscale reinforcements such as carbon nanotubes were used to make reinforced composite
materials through FSP [14]. The effects of processing parameters on multi-walled carbon nanotube
dispersion, and hardness of the composite were investigated. Increasing the tool rotation speed and the
tool shoulder penetration depth improved the distribution of nanotubes in the Al-alloy matrices, 6111-T4
and 7075-T6. A completely uniform distribution could not be achieved when regularly tangled nanotubes
as shown in Figure 8(a) were used as the starting material. Fracture of carbon nanotubes was found
during friction stir processing as revealed by Figure 8(b), the surface morphology of an etched specimen.
The etching helps to expose the carbon nanotubes. Evidently, the long and entangled CNTs are not
uniformly dispersed throughout the processing zone. Although it is suggested that multiple tool pin
passes may be useful to further improve the uniform dispersion of nanotubes in the composites, fracture
of carbon nanotubes could be more serious. Nevertheless, carbon nanotube reinforced composites
showed the signiﬁcant strengthening effect, as evidenced by the drastic increase in the hardness in the
friction stir processing zone. That the hardness of the processing zone is higher than other regions is
shown in Figure 8(c).
Other types of micro- or nanoscale phases, such as in-situ formed particles including Al2 Cu, and Al3 Ti
[63], NiTi [64], and AiFe [65] have been taken as the reinforcements for aluminum based composites and
FSP has been used to modify the microstructures of these in-situ composites. Under high temperature
processing conditions such as casting and powder metallurgical formation, considerable interfacial
reactions lead to formation of a number of intermetallic phases, such as Al3 Ti, Al3 Ni, Ni3 Ti, Ti2 Ni,
etc. depending on the compositions of the raw materials. The presence of these intermetallic phases,
if they are physically or mechanically incompatible with the matrix alloys, they become the key sites
for fracture initiation and failure. FSP could help to alleviate this problem. The advantage of in-situ
composites is that particles are dispersed very uniformly within matrices as shown by the backscattered
electron images (BEI) in Figure 9. Figure 9(a) represents the Al2 Cu particles in Al-10Cu alloy. The
spots with white contrast are the Al2 Cu particles. The distribution of the particles are very uniform. In
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Figure 9(b), NiTi particles (white contrast) in the nugget zone are shown. Figure 9(c) reveals the Al3 Fe
particles in Al matrix after 2 passes of FSP followed by annealing. The brightest phase is identiﬁed as
Fe through EDS, the dark gray matrix is Al, and the light gray phase, which surround Fe particle or
dispersed in the Al matrix, is AlFe compound.
Figure 8. Morphology and hardness proﬁle of friction stir processed carbon nanotube
reinforced composite (after Lim et al. [14]): (a) TEM image of multi-walled carbon
nanotubes; (b) friction stir processed composite; (c) hardness measurement results.

(a)

(b)

(c)

Figure 9. Backscattered electron images showing friction stir processed in-situ particle
reinforced composite materials: (a) the dispersion of ﬁne Al2 Cu particles (white contrast)
in Al10Cu alloy (after Hsu et al. [63]); (b) uniformly distributed NiTi particles in the nugget
region of FSP composite after annealing (after Dixit et al. [64]); (c) Al3 Fe particles in Al
matrix (after Lee et al. [65]).

(a)

3.

(b)

(c)

Friction Stir Processing of Magnesium Matrix Composites

Magnesium has the density as small as 1.7 g/cm3 , which is the lowest among all the structural metals
or alloys [66]. Such an outstanding property makes it extremely important for manufacturing light
weight structures. However, magnesium is very soft. It is necessary to add either alloy elements or
reinforcements to make it stronger. Recently, friction stir processing particle reinforced magnesium
has been studied [29,30,32,67–70]. In the work performed by Lee et al. [67], Nanoscale SiO2 with
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the dimension of 20 nm was added into an AZ61 magnesium alloy. Friction stir processing (FSP) was
applied to incorporate 5-10 vol % nanoparticles into the matrix. The distribution of the SiO2 particles
was uniform after four FSP passes. The grain size of the FSP composites was effectively reﬁned to
0.8 µm, as compared with the 78 µm in the FSP AZ61 alloy processed under the same FSP condition.
There is reaction between SiO2 particles and the Mg alloy during FSP. The products from the reaction
include Mg2 Si and MgO. The size of these products is in the range from 5 to 200 nm, which is very
ﬁne and good for improving the mechanical properties. The hardness and mechanical strength at room
temperature of the AZ61Mg composite with nano-particles were increased, as compared with the AZ61
cast billet. Also found is the high strain rare superplasticity over 400% in the FSP composite.
In the work performed by Morisada et al. [68], multi-walled carbon nanotubes (MWCNTs) with the
outer diameter of 20 to 50 nm, and length of 250 nm were successfully dispersed into AZ31 magnesium
alloy via friction stir processing (FSP). The tool rotating speed was kept at 1500 rpm. Three travel speeds
of 100, 50 and 25 mm/min, were used. It was found that the travel speed of 100 mm/min was too fast
to produce enough heat ﬂow to produce a suitable viscosity in the AZ31 matrix for the dispersion of the
MWCNTs. The sample which was processed at 50 mm/min showed a better dispersion of the MWCNTs.
However, there were some regions where aggregation of MWCNTs occurred. A much better dispersion
of the MWCNTs was achieved for the sample that was processed at 25 mm/min. The addition of the
MWCNTs promoted grain reﬁnement during the FSP. The size of the grains can be controlled as small
as 500 nm. The Vickers hardness of the friction stir processed composite material containing MWCNTs
is 78 HV. For the sample without MWCNTs treated by the FSP, the measured hardness is 55 HV. The
as-received AZ31 sample has the lowest hardness of 41 HV.
Lee et al. [69] studied the microstructure and wear properties of friction stir processed SiC particle
reinforced AZ91 magnesium alloy composite material. The composite contains 10 vol % SiC particles.
In the thermomechanically affected zone (TMAZ), there are deformation bands and the distribution of
SiC particles aligned along the bands as can be seen from Figure 10(a). In the stir zone (SZ), SiC
particles are uniformly distributed as shown in Figure 10(b). Concerning the grain structure evolution of
magnesium alloy without reinforcement, Suhuddin et al. [70] provided detailed results of grain size and
orientation to address the twinning, texture formation and recrystallization due to FSP.
At higher magniﬁcation as shown in Figure 10(c), it is observed that the sharp corners of SiC particles
were rounded up. Before taking SEM images, the surface of the composite was etched for 30 s with a
solution containing ethyl alcohol, acetic acid, picric acid and distilled water to reveal the SiC particles.
The wear tests for the AZ91, AZ91/SiC/10p and the FSP zone of the AZ91/SiC/10p were performed
under wet sliding conditions for 1000 s against a rotating Austenite cast iron disc (hardness 200 HV) at
the constant load of 50 N and sliding speed of 1 m/s. The lubricant was distilled water. The speciﬁc wear
loss, W , was used to measure the wear resistance of the materials, and W is calculated by the following
equation
Bb3
W =
(1)
8rP l
where B is the thickness of the rotating disk, r is the radius of the disk, b is the length of the wear trace,
P is the applied load and l is the sliding distance.
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Based on the wear test data and the calculation using the above Equation (1), the speciﬁc wear loss
of the base alloy is about three times higher than that of the SiC reinforced composite before FSP. The
wear loss of the composite can be further reduced after FSP as shown in Figure 11.
Figure 10. Microstructure of SiC particle reinforced AZ91 magnesium alloy composite
material (after Lee et al. [69]): (a) the area showing the transition from thermomechanical
affected zone (TMAZ) to stir zone (SZ); (b) uniformly distributed SiC particles in the stir
zone; (c) higher magniﬁcation image of stir zone showing the SiC particles on the etched
surface of the composite.

(a)

(b)

(c)

Figure 11. Wear loss of AZ91, SiC/AZ91 composite without and with FSP (after Lee et al. [69]).

4.
4.1.

Perspectives on Friction Stir Processing
Application for Processing New Metallic Alloys/Composites

Friction stir processing is expected to ﬁnd more applications, for example, in energy ﬁeld.
Perhaps to process or join vanadium alloys and nanoparticle reinforced copper composite materials
for fusion reactor applications is such a good example. V-Ti-Cr alloys and nanocomposites made by
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electrocodeposition of SiC nanoparticles with copper can be joined by optimizing the parameters such
as tool rotating speed, nutting angle and feed rate to obtain effective butt joints. Development of fusion
reactor technology for power generation is an attractive proposition because of the abundant availability
of hydrogen isotope and the fusion process is much safer than the currently used ﬁssion technology. The
property requirements for fusion structures such as the ﬁrst wall and divertor are very stringent. The
fusion structural materials should have good mechanical properties at high temperatures, good corrosion
resistance with the coolant, be able to accommodate high heat loads, and have low levels of induced
radioactivity. Vanadium alloys are under consideration for use in fusion energy systems as structural
materials because they offer signiﬁcant advantages over other iron based alloys in several of the areas
mentioned above [71,72]. Extensive research in the past two decades has lead to a basic understanding of
the physical, mechanical and metallurgical aspects of vanadium alloys including the effects of radiation.
Presently, V-Cr-Ti alloys are considered as the promising ones with improved performance [71–75].
The vanadium alloys must be joined to either the vanadium alloys with different conﬁguration or to
lower cost dissimilar metallic materials such as copper alloys to construct an effective power generating
system. In structural fabrication, such as the ﬁrst wall and divertor components of a nuclear reactor,
kilometers of welds are expected. Harnessing the excellent mechanical properties and environmental
safety features offered by vanadium alloys depends upon the successful development of processing
technology for vanadium alloys. There exists a technical challenge in conventional welding or brazing
vanadium to vanadium or to copper alloys due to their afﬁnity to interstitial elements such as oxygen,
hydrogen and nitrogen [76]. At present time, vanadium alloys can be brazed under high vacuum and
high temperature conditions. The high vacuum environments can only be created in a laboratory setup,
which can be very expensive to maintain. This poses engineering limitations on the size of the structures
that can be processed. In addition, the temperature in brazing process is so high that undesired coarse
grains formed in both vanadium alloys and the joining counterpart alloys.
Apart from brazing, other joining methods have also been studied to obtain sound vanadium joints.
Arc welding such as gas tungsten arc (GTA) welding, laser welding and electron beam welding were
tried in fabrication of joints containing vanadium alloys [77–79]. However, the rapid heating and cooling
created complex non-equilibrium microstructure in the fusion and heat affected zones (HAZ), close to the
fusion line. This problem got further worsened by the afﬁnity of vanadium alloys to interstitial elements
such as O, H, and N. Safety and reliability of welded structures are major concerns in critical application
areas such as nuclear reactors. The consequences of catastrophic fracture in a critical structure are very
severe, because it may result in loss of human life, environmental degradation and loss of revenue.
Unfortunately, welded structures are more prone to fracture because of the presence of residual stresses,
non-equilibrium microstructure, cracks and other metallurgical defects. Vanadium alloy joins produced
using gas tungsten arc, laser and electron beam welding have been found to have low fracture toughness
due to the embrittlement of heat affected zone [80,81]. It is obvious that current practices used to
process vanadium alloy joints are not good enough for engineering applications. Therefore, developing
innovative processing technology to achieve high quality vanadium alloy joints for industrial applications
is one of the most signiﬁcant problems to be solved.
Friction stir welding (FSW) [82] and friction stir processing (FSP) have been applied to various
materials including plastics [83] stainless steels [84,85], magnesium alloys [86], titanium alloys [87],
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pure copper [88], copper-zinc alloys [89] and metal matrix composite materials [90]. FSW or FSP
has many advantages such as elimination of the defects named crack and porosity often associated with
fusion welding processes, reduced distortion. In addition, joint edge preparation is much less strict. It can
be carried out in various positions and can join conventionally non-fusion weldable alloys and improve
mechanical properties of weldable alloys. FSP has also been used to reﬁne the grains of casting alloys
[91], and to homogenize the microstructure of reinforced metal matrix composite materials [92]. FSP
has found applications in transportation industries [93,94]. The application of FSP in manufacturing
of fusion reactor structures has also been considered [95]. Therefore, the application of FSP/FSW in
preparation and structure modiﬁcation of energy materials is promising.
4.2.

Application for Processing Polymeric Materials and Composites

Polymers have much lower processing temperatures than metals. The facilities for implementing
FSP could be much simpler and less expensive. As shown in Figure 12, the experimental installation
for the friction stir processing just includes the CNC machine, the tool pin connected to the spindle,
and the specimen stage. Materials to be processed are ﬁxed by the clamper. Friction stir processing of
polymer composites was performed successfully. The polymeric materials used are particle ﬁlled plastics
such as polystyrene (PS) and nylon. Figure 13(a) shows the nylon-nylon composite laminate, while
nylon-polystyrene laminate is illustrated in Figure 13(b). Thermoplastics such as Polypropylene have
been treated by friction stir processing [96,97]. It is noted that FSP polymers and polymeric composites
are still much less studied than FSP metals and metallic composites [98]. There are some concerns
related to friction stir processing polymers because the rotation of tool pin and the severe plastic ﬂow in
the nugget zone could break macromolecular chains and change the properties of the materials.
Figure 12. Equipment for friction stir processing polymer composites.
CNC Machine

Tool Pin
Nylon
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Figure 13.
Friction stir processed composites;
nylon-polystyrene laminate.

(a) nylon-nylon laminate, (b)

PS
Nylon

Nylon

(a)
4.3.

(b)
Issues on the Challenges and Improvements Needed

There are some challenges associated with friction stir processing approach. Although, friction stir
processing has many advantages over various other materials processing technologies, the fact is that
the joint efﬁciency deﬁned as the ratio between the ultimate tensile strength of the welded joint and the
one of the base material has hardly reached 80% [62]. This is an indication that the weld strength is
still low. In addition to the static tensile strength, the fatigue property of FSP composites should also
be improved. Minak et al. [99] have recently studied the fatigue properties of friction stir processed
particulate reinforced aluminium matrix composites and made extensive statistical analysis. Failure
probability curves were generated as shown in Figure 14. The composite material specimens with the
set numbers from 1 to 6 have the same composition, but they were processed under different conditions.
The processing parameters are given in Table 1. The statistical analysis results in Figure 14 showed that
FSP specimens with different processing parameters had worse fatigue behavior than that of the base
composite material. The different microstructural homogeneity in the transition from the base to the FSP
zone is considered as the major reason for the degradation of fatigue property. As shown in Figure 15(a),
the transition in microstructural homogeneity of the composite material generated by FSP can obviously
be seen. The transition zone (TZ) seems the weakest part of the composite material because fatigue
fracture always occurs in this zone for the specimens with the set numbers from 2 to 6. The macroscopic
view of a typical fatigue-fractured specimen is shown in Figure 15(b).
Friction stir tool wear is another challenge problem remaining to be solved. This problem may not be
so severe in FSP pure alloys without reinforcements. But it is serious during the processing of particle
reinforced metal matrix composites (MMCs). In FSP soft metals without reinforcement particles such
as aluminum alloys, though frictional heat is generated [100], no obvious tool consumption was created
[101]. That is, no signiﬁcant friction-induced wear occurs. The reason is that the stir zone consists
of dynamically recrystallized (DRX) material which creates a solid-state ﬂow regime where friction is
minimal [102,103]. Therefore, the rotating pin tool is surrounded by a quasi-hydrodynamic lubricating
layer composed of the DRX material [104–106].
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Figure 14. 50% failure probability curves of friction stir processed 22 vol % Al2 O3 particle
reinforced AA6061 composites under different processing conditions (after Minak et al.
[99]).

Table 1. Parameters used for the FSP (data source: [99]).
Specimen set

1

2

3

4

5

6

Rotation rate (rpm)

630

630

630

880

880

880

Tool speed (mm/min) 115

170

260

115

170

260

Figure 15. Macroscopic images of the friction stir processed 22 vol % Al2 O3 particle
reinforced AA6061 composite showing: (a) the base material (BM), the transition zone (TZ),
the stir zone (SZ), the advancing side (AS), and the retreating side (RS); (b) typical location
of fatigue fracture in the transition zone (TZ) (after Minak et al. [99]).

(a)

(b)

Friction stir processing metal matrix composites (MMCs) can exhibit considerable tool consumption
as shown in Figure 16 [58]. The tool wear was examined in friction stir processing 20 vol %
Al2 O3 /AA6061 at the rotation rate of 1000 rpm and the traveling speed of 9 mm/s. Initially, the tool
was in the screw shape as shown in Figure 16(a). After being used for FSP, the screw part disappeared,
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which means that the consumption of the tool occurred. When the tool was in service and traveled 1.96
m, the tool end was rounded up as shown in Figure 16(b). If the tool was further used, the surface wear
continued. Figure 16(c) shows when the traveling distance reached 3.66 m, necking due to the increased
wear was observed. In order to reduced the wear, cubic boron nitride and tungsten rhenium alloys may
be used as tool materials, but they are extremely expensive and difﬁcult to shape.
Figure 16. Macroscopic images showing the wear of friction stir processing tool (after Prado
et al. [58]); (a) the screw tool pin before FSP, (b) after traveling 1.98 m, (c) after traveling
3.66 m.

(a)

5.

(b)

(c)

Summary and Conclusions

Friction stir processing (FSP) forces materials ﬂow at the temperature lower than the melting
temperature. Materials are extruded, forged, consolidated and cooled under hydrostatic pressure
conditions. Thus some of the properties, for example, hardness is high for FSP materials. The primary
research on friction stir processing focuses on aluminum alloys. Applying this technology for processing
other alloys and materials including stainless steels, magnesium, titanium, and copper are also studied.
This technology has found applications in modifying the microstructure of reinforced metal matrix
composite materials. It is also used in processing polymeric composite materials. It is possible to transfer
FSP technology into energy materials ﬁeld for example, for fusion reactor materials including vanadium
alloy joining and processing. There are some major challenges for improving the FSP technology. One
is the tool wear in processing reinforced composite materials. The other challenge is how to increase the
joining strength and improve the fatigue property of FSP composite materials.
Acknowledgements
YXG acknowledges the support from The Center for Teaching and Learning through a Summer
Teaching Fellowship and the research start-up fund provided by The University of Toledo. This work was
supported in part by the Durbin Faculty Development Grants at The Cooper Union for the Advancement

Materials 2010, 3

344

of Science and Art. We also acknowledge the permissions from Elsevier B.V. Ltd through Copyright
Clearance Center’s Rightslink service to using Figures 1–11, and 14–16 in this paper.
References
1. Liechty, B.C.; Webb, B.W. Flow ﬁeld characterization of friction stir processing using a
particle-grid method. J. Mater. Process. Technol. 2008, 208, 431–443.
2. Darras, B.M.; Khraisheh, M.K.; Abu-Farha, F.K.; Omar, M.A. Friction stir processing of
commercial AZ31 magnesium alloy. J. Mater. Process. Technol. 2007, 191, 77–81.
3. Wang, W.; Shi, Q.; Liu, P.; Li, H.; Li, T. A novel way to produce bulk SiCp reinforced aluminum
metal matrix composites by friction stir processing. J. Mater. Process. Technol. 2009, 209,
2099–2103.
4. Karthikeyan, L.; Senthilkumar, V.S.; Padmanabhan, K.A. On the role of process variables in the
friction stir processing of cast aluminum A319 alloy. Mater. Des. 2010, 31, 761–771.
5. Sinha, P.; Muthukumaran, S.; Mukherjee, S.K. Analysis of ﬁrst mode of metal transfer in friction
stir welded plates by image processing technique. J. Mater. Process. Technol. 2008, 197, 17–21.
6. Karthikeyan, L.; Senthilkumar, V.S.; Balasubramanian, V.; Natarajan, S. Mechanical property and
microstructural changes during friction stir processing of cast aluminum 2285 alloy. Mater. Des.
2009, 30, 2237–2242.
7. Ma, Z.Y.; Pilchak, A.L.; Juhas, M.C.; Williams, J.C. Microstructural reﬁnement and property
enhancement of cast light alloys via friction stir processing. Scr. Mater. 2008, 58, 361–366.
8. Du, X.; Wu, B. Using friction stir processing to produce ultraﬁne-grained microstructure in AZ61
magnesium alloy. Trans. Nonferrous Met. Soc. China 2008, 19, 562–565.
9. Shaﬁei-Zarghani, A.; Kashani-Bozorg, S.F.; Zarei-Hanzaki, A. Microstructures and mechanical
properties of Al/Al2O3 surface nano-composite layer produced by friction stir processing. Mater.
Sci. Eng., A 2009, 500, 84–91.
10. Mironov, S.; Sato, Y.S.; Kokawa, H. Microstructural evolution during friction stir-processing of
pure iron. Acta Mater. 2008, 56, 2602–2614.
11. Ceschini, L.; Boromei, I.; Minak, G.; Morri, A.; Tarterini, F. Microstructure, tensile and fatigue
properties of AA6061/20 vol %Al2 O3p friction stir welded joints. Composites: Part A 2007, 38,
1200–1210.
12. Mishra, R.S.; Ma, Z.Y.; Charit, I. Friction stir processing: a novel technique for fabrication of
surface composite. Mater. Sci. Eng., A 2003, 341, 307–310.
13. Ma, Z.Y.; Liu, F.C. Achieving exceptionally high superplasticity at high strain rates in a
micrograined Al-Mg-Sc alloy produced by friction stir processing. Scr. Mater. 2008, 59, 882–885.
14. Lim, D.K.; Shibayanagi, T.; Gerlich, A.P. Synthesis of multi-walled CNT reinforced aluminium
alloy composite via friction stir processing. Mater. Sci. Eng., A 2009, 507, 194–199.
15. Surekha, K.; Murty, B.S.; Rao, K.P. Effect of processing parameters on the corrosion behaviour
of friction stir processed AA 2219 aluminum alloy. Solid State Sci. 2009, 11, 907–917.
16. Ma, Z.Y.; Sharma, S.R.; Mishra, R.S. Effect of multiple-pass friction stir processing on
microstructure and tensile properties of a cast aluminum-silicon alloy. Scr. Mater. 2006, 54,
1623–1626.

Materials 2010, 3

345

17. McNelley, T.R.; Swaminathan, S.; Su, J.Q. Recrystallization mechanisms during friction stir
welding/processing of aluminum alloys. Scr. Mater. 2008, 58, 349–354.
18. Johannes, L.B.; Mishra, R.S. Multiple passes of friction stir processing for the creation of
superplastic 7075 aluminum. Mater. Sci. Eng., A 2007, 464, 255–260.
19. Cavaliere, P.; De Marco, P.P. Friction stir processing of a Zr-modiﬁed 2014 aluminium alloy.
Mater. Sci. Eng., A 2007, 462, 206–210.
20. Yazdipour, A.; Shaﬁei, A.; Dehghani, M.K. Modeling the microstructural evolution and effect of
cooling rate on the nanograins formed during the friction stir processing of Al5083. Mater. Sci.
Eng., A 2009, 527, 192–197.
21. Liu, F.C.; Ma, Z.Y.; Chen, L.Q. Low-temperature superplasticity of Al-Mg-Sc alloy produced by
friction stir processing. Scr. Mater. 2009, 60, 968–971.
22. Johannes, L.B.; Charit, I.; Mishra, R.S.; Verma, R. Enhanced superplasticity through friction stir
processing in continuous cast AA5083 aluminum. Mater. Lett. 2007, 464, 351–357.
23. Fuller, M.D.; Swaminathan, S.; Zhilyaev, A.P.; McNelley, T.R. Microstructural transformations
and mechanical properties of cast NiAl bronze: Effects of fusion welding and friction stir
processing. Mater. Sci. Eng., A 2007, 463, 128–137.
24. Kobata, J.; Takigawa, Y.; Chung, S.W.; Tsuda, H.; Kimura, H.; Higashi, K. Nanoscale amorphous
“band-like” structure induced by friction stir processing in Zr5 5Cu3 0Al1 0Ni5 bulk metallic glass.
Mater. Lett. 2007, 61, 3771–3773.
25. Morisada, Y.; Fujii, H.; Mizuno, T.; Abe, G.; Nagaoka, T.; Fukusumi, M. Nanostructured tool
steel fabricated by combination of laser melting and friction stir processing. Mater. Sci. Eng., A
2009, 505, 157–162.
26. Morisada, Y.; Fujii, H.; Mizuno, T.; Abe, G.; Nagaoka, T.; Fukusumi, M. Modiﬁcation of nitride
layer on cold-work tool steel by laser melting and friction stir processing. Surf. Coat. Technol.
2009, 204, 368–390.
27. Feng, A.H.; Ma, Z.Y. Microstructural evolution of cast Mg-Al-Zn during friction stir processing
and subsequent aging. Acta Mater. 2009, 57, 4248–4260.
28. Ni, D.R.; Wang, D.; Feng, A.H.; Yao, G.; Ma, Z.Y. Enhancing the high-cycle fatigue strength of
Mg-9Al-1Zn casting by friction stir processing. Scr. Mater. 2009, 61, 568–571.
29. Chang, C.I.; Du, X.H.; Huang, J.C. Producing nanograined microstructure in Mg-Al-Zn alloy by
two-step friction stir processing. Scr. Mater. 2008, 59, 356–359.
30. Chang, C.I.; Lee, C.J.; Huang, J.C. Relationship between grain size and Zener-Holloman
parameter during friction stir processing in AZ31 Mg alloys. Scr. Mater. 2004, 51, 509–514.
31. Cavaliere, P.; De Marco, P.P. Friction stir processing of AM60B magnesium alloy sheets. Mater.
Sci. Eng., A 2007, 462, 393–397.
32. Chang, C.I.; Du, X.H.; Huang, J.C. Achieving ultraﬁne grain size in Mg-Al-Zn alloy by friction
stir processing. Scr. Mater. 2007, 57, 209–212.
33. Commin, L.; Dumont, M.; Masse, J.E.; Barrallier, L. Friction stir welding of AZ31 magnesium
alloy rolled sheets: Inﬂuence of processing parameters. Acta Mater. 2009, 57, 326–334.
34. Ma, Z.Y.; Mishra, R.S.; Liu, F.C. Superplastic behavior of micro-regions in two-pass friction stir
processed 7075Al alloy. Mater. Sci. Eng., A 2009, 505, 70–78.

Materials 2010, 3

346

35. Lakshminarayanan, A.K.; Balasubramanian, V. Process parameters optimization for friction stir
welding of RDE-40 aluminium alloy using Taguchi technique. Trans. Nonferrous Met. Soc.
China 2008, 18, 548–554.
36. Moreira, P.M.G.P.; de Oliveira, F.M.F.; de Castro, P.M.S.T. Fatigue behavior of notched specimens
of friction stir welded aluminium alloy 6063-T6. J. Mater. Process. Technol. 2008, 207, 283–292.
37. Elangovan, K.; Balasubramanian, V. Inﬂuences of pin proﬁle and rotational speed of the tool on
the formation of friction stir processing zone in AA2219 aluminium alloy. Mater. Sci. Eng., A
2007, 459, 7–18.
38. Hofmann, D.C.; Vecchio, K.S. Thermal history analysis of friction stir processed and submerged
friction stir processed aluminum. Mater. Sci. Eng., A 2009, 465, 165–175.
39. Cui, G.R.; Ma, Z.Y.; Li, S.X. Periodical plastic ﬂow pattern in friction stir processed Al-Mg alloy.
Scr. Mater. 2008, 58, 1082–1085.
40. Elangovan, K.; Balasubramanian, V. Inﬂuences of tool pin proﬁle and tool shoulder diameter on
the formation of friction stir processing zone in AA6061 aluminium alloy. Mater. Des. 2008, 29,
362–373.
41. Elangovan, K.; Balasubramanian, V. Inﬂuences of tool pin proﬁle and welding speed on the
formation of friction stir processing zone in AA2219 aluminium alloy. J. Mater. Process. Technol.
2008, 200, 163–175.
42. Buffa, G.; Fratini, L.; Pasta, S.; Shivpuri, R. On the thermo-mechanical loads and the resultant
residual stresses in friction stir processing operations. CIRP Ann. - Manuf. Technol. 2008, 57,
287–290.
43. Morisada, Y.; Fujii, H.; Nagaoka, T.; Fukusumi, M. Effect of friction stir processing with SiC
particles on microstructure and hardness of AZ31. Mater. Sci. Eng., A 2006, 433, 50–54.
44. Liechty, B.C.; Webb, B.W. Modeling the frictional boundary condition in friction stir welding.
Int. J. Mach. Tool. Manuf. 2008, 48, 1474–1485.
45. Elangovan, K.; Balasubramanian, V.; Babu, S. Predicting tensile strength of friction stir welded
AA6061 aluminium alloy joints by a mathematical model. Mater. Des. 2009, 30, 188–193.
46. Zhang, Z.; Zhang, H.W. Numerical studies on controlling of process parameters in friction stir
welding. J. Mater. Process. Technol. 2009, 209, 241–270.
47. Wang, Y.; Mishra, R.S. Finite element simulation of selective superplastic forming of friction stir
processed 7075 Al alloy. Mater. Sci. Eng., A 2007, 463, 245–248.
48. Cavaliere, P.; De Santis, A.; Panella, F.; Squillace, A. Effect of welding parameters on mechanical
and microstructural properties of dissimilar AA6082-AA2024 joints produced by friction stir
welding. Mater. Des. 2009, 30, 609–616.
49. Cavaliere, P.; Cabibbo, M.; Panella, F.; Squillace, A. 2198 Al-Li plates joined by Friction Stir
Welding: Mechanical and microstructural behavior. Mater. Des. 2009, 30, 3622–3631.
50. Cui, G.R.; Ma, Z.Y.; Li, S.X. The origin of non-uniform microstructure and its effects on the
mechanical properties of a friction stir processed Al-Mg alloy. Acta Mater. 2009, 57, 5718–5729.
51. Hirata, T.; Tanaka, T.; Chung, S.W.; Takigawa, Y.; Higashi, K. Relationship between deformation
behavior and microstructural evolution of friction stir processed Zn-22 wt.% Al alloy. Scr. Mater.
2007, 56, 477–480.

Materials 2010, 3

347

52. Cavaliere, P.; Squillace, A.; Panella, F. Effect of welding parameters on mechanical and
microstructural properties of AA6082 joints produced by friction stir welding. J. Mater. Process.
Technol. 2008, 200, 364–372.
53. Tewari, A.; Spowart, J.E.; Gokhale, A.M.; Mishra, R.S.; Miracle, D.B. Characterization of the
effects of friction stir processing on microstructural changes in DRA composites. Mater. Sci.
Eng., A 2006, 428, 80–90.
54. Fernandez, G.J.; Murr, L.E. Characterization of tool wear and weld optimization in the friction-stir
welding of cast aluminum 359+20% SiC metal-matrix composite. Mater. Charact. 2004, 52,
65–75.
55. Uzun, H. Friction stir welding of SiC particulate reinforced AA2124 aluminium alloy matrix
composite. Mater. Des. 2007, 28, 1440–1446.
56. Feng, A.H.; Xiao, B.L.; Ma, Z.Y. Effect of microstructural evolution on mechanical properties of
friction stir welded AA2009/SiCp composite. Compos. Sci. Technol. 2008, 68, 2141–2148.
57. Prangnell, P.B.; Heason, C.P. Grain structure formation during friction stir welding observed by
the ‘stop action technique’. Acta Mater. 2005, 53, 3179–3192.
58. Prado, R.A.; Murr, L.E.; Soto, K.F.; McClure, J.C. Self-optimization in tool wear for friction-stir
welding of Al 6061+20% Al2O3 MMC. Mater. Sci. Eng. A 2003, 349, 156–165.
59. Pirondi, A.; Collini, L. Analysis of crack propagation resistance of AlAl2 O3 particulate-reinforced
composite friction stir welded butt joints. Int. J. Fatigue 2009, 31, 111–121.
60. Marzoli, L.M.; Strombeck, A.V.; Dos Santos, J.F.; Gambaro, C.; Volpone, L.M. Friction stir
welding of an AA6061/Al2 O3 /20p reinforced alloy. Compos. Sci. Technol. 2006, 66, 363–371.
61. Cavaliere, P. Mechanical properties of Friction Stir Processed 2618/Al2 O3 /20p metal matrix
composite. Composites: Part A 2005, 36, 1657–1665.
62. Chen, X.-G.; da Silvaa, M.; Gougeonb, P.; St-Georges, L. Microstructure and mechanical
properties of friction stir welded AA6063B4C metal matrix composites. Mater. Sci. Eng. A
2009, 518, 174–184.
63. Hsu, C.J.; Kao, P.W.; Ho, N.J. Intermetallic-reinforced aluminum matrix composites produced in
situ by friction stir processing, Mater. Lett. 2007, 61, 1315-1318.
64. Dixit, M.; Newkirk, J.W.; Mishra, R.S. Properties of friction stir-processed Al 1100NiTi
composite, Scr. Mater. 2007, 56, 541–544.
65. Lee, I.S.; Kao, P.W.; Ho, N.J. Microstructure and mechanical properties of AlFe in situ
nanocomposite produced by friction stir processing. Intermetallics 2008, 16, 1104-1108.
66. Callister, W.D. Materials Science and Engineering An Introduction, 6th ed.; John Wiley: New
York, NY, USA, 2005; pp. 349–350.
67. Lee, C.J.; Huang, J.C.; Hsieh, P.J. Mg based nano-composites fabricated by friction stir
processing, Scr. Mater. 2006, 54, 1415–1420.
68. Morisada, Y.; Fujii, H.; Nagaoka, T.; Fukusumi, M. MWCNTs/AZ31 surface composites
fabricated by friction stir processing. Mater. Sci. Eng., A 2006, 419, 344–348.
69. Lee, W.B.; Lee, C.Y.; Kim, M.K.; Yoon, J.I.; Kim, Y.J.; Yoen, Y.M.; Jung, S.B. Microstructures
and wear property of friction stir welded AZ91 Mg/SiC particle reinforced composite. Compos.
Sci. Technol. 2006, 66, 1513–1520.

Materials 2010, 3

348

70. Suhuddin, U.F.H.R.; Mironov, S.; Sato, Y.S.; Kokawa, H.; Lee, C.-W. Grain structure evolution
during friction-stir welding of AZ31 magnesium alloy. Acta Mater. 2009, 57, 5406–5418.
71. Zinkle, S.J. Overview of the US fusion materials sciences program. Fusion Eng. Des. 2005, 47,
821–828.
72. Kohyama, A. Current status of fusion reactor structural materials R & D. Mater. Trans. 2005, 46,
384–393.
73. Muroga, T. Vanadium alloys for fusion blanket applications. Mater. Trans. 2005, 46, 405–411.
74. Kohyama, A.; Abe, K.; Kimura, A.; Muroga, T.; Jitsukawa, S. Recent accomplishments and future
prospects of materials R & D in Japan. Fusion Eng. Des. 2005, 47, 836–843.
75. Muroga, T.; Nagasaka, T.; Nishimura, A.; Chen, J.M. Improvement of vanadium alloys by
precipitate control for structural components of fusion reactors. Mater. Sci. Forum 2005,
475∼479, 1449–1453.
76. Yao, Z.Y.; Suzuki, A.; Nakasaka, T.; Muroga, T. Behavior of oxygen in fusion candidate vanadium
alloysduring oxidation and annealing. Mater. Sci. Forum 2005, 475–479, 1445–1448.
77. Watanabe, H.; Nagamine, M.; Yamasaki, K.; Yoshida, N.; Heo, N.J.; Nagasaka, T.; Muroga, T.
The microstructure of laser welded V-4Cr-4Ti alloy after ion irradiation. Mater. Sci. Forum 2005,
475–479, 1491–1495.
78. Chung, H.M.; Strain, R.V.; Tsai, H.C.; Park, J.H.; Smith, D.L. Impact properties and hardening
behaviour of laser and electron-beam welds of V-4Cr-4Ti, Fusion Mater., Semiann. Prog. Rep.
1996, 55–58.
79. Loomis, B.A.; Koicek, C.F.; Nowicki, L.J.; Smith, D.L. Tensile properties of vanadium-base
alloys with a tungsten/inert-gas weld zone. Fusion Mater., Semiann. Prog. Rep. 1993, 187–191.
80. Fukumoto, K.; Takahashi, K.; Anma, Y.; Matsui, H. Effects of impurities on microstructural
evolution and deformation process of ion-irradiated V-Cr-Ti alloys. Mater. Trans. 2005, 46,
503–510.
81. Hatano, Y.; Hayakawa, R.; Nishino, K.; Ikeno, S.; Nagasaka, T.; Muroga, T.; Watanabe, K.
Surface segregation of Ti in a V-4Cr-4Ti alloy and its inﬂuence on the surface reaction rates of
hydrogen isotopes. Mater. Trans. 2005, 46, 511–516.
82. Thomas, W.M.; Nicholas, E.D.; Needham, J.C.; Murch, M.G.; Templesmith, P.; Dawes, C.J.
Friction Stir Butt Welding. International Patent Application No. PCT/GB92/02203 and GB Patent
Application No. 9125978, 1991, 1–5.
83. Arici, A.; Sinmazcelik, T. Effects of double passes of the tool on friction stir welding of
polyethylene. J. Mater. Sci. 2005, 40, 3313–3316.
84. Cho, J.H.; Boyce, D.E.; Dawson, P.R. Effects of impurities on microstructural evolution and
deformation process of ion-irradiated V-Cr-Ti alloys. Mater. Sci. Eng., A 2005, 398, 146–163.
85. Sato, Y.; Nelson, T.W.; Sterling, C.J.; Steel, R.J.; Pettersson, C.O. Microstructure and mechanical
properties of friction stir welded SAF 2507 super duplex stainless steel. Mater. Sci. Eng., A 2005,
397, 376–384.
86. Zhang, H.; Lin, S.B.; Wu, L.; Feng, J.C.; Ma, S.L. Defects formation procedure and mathematic
model for defect free friction stir welding of magnesium alloy. Mater. Des. 2006, 27, 805–809.

Materials 2010, 3

349

87. Reynolds, A.P.; Hood, E.; Tang, W. Texture in friction stir welds of Timetal 21S. Scr. Mater.
2005, 52, 491–494.
88. Lee, W.B.; Jung S.B. The joint properties of copper by friction stir welding. Mater. Lett. 2004,
58, 1041–1046.
89. Park, H.S.; Kimura, T.; Murakami, T.; Nagano, Y.; Nakata, K.; Ushio, M. Microstructures and
mechanical properties of friction stir welds of 60% Cu-40% Zn copper alloy. Mater. Sci. Eng., A
2004, 371, 160–169.
90. Prado, R.A.; Murr, L.E.; Shindo, D.J.; Soto, K.F. Tool wear in the friction-stir welding of
aluminum alloy 6061+20% Al2 O3 : A preliminary study. Scr. Mater. 2001, 45, 75–80.
91. Santella, M.L.; Engstrom, T.; Storjohann, D.; Pan, T.Y. Effects of friction stir processing on
mechanical properties of the cast aluminum alloys A319 and A356. Scr. Mater. 2005, 45,
201–206.
92. Hsu, C.J.; Kao, P.W.; Ho, N.J. Ultraﬁne-grained Al−Al2 Cu composite produced in situ by friction
stir processing. Scr. Mater. 2005, 53, 341–345.
93. Thomas, W.M.; Nicholas, E.D. Friction stir welding for the transportation industries, Mater. Des.
1997, 18, 269–273.
94. Williams, S.W. Welding of airframes using friction stir. Air Space Eur. 2001, 3, 64–66.
95. Sanderson, A.; Punshon, C.S.; Russell, J.D. Advanced welding processes for fusion reactor
fabrication. Fusion Eng. Des. 2000, 49–50, 77–87.
96. Arici, A.; Mert, S. Friction stir spot welding of polypropylene. J. Reinf. Plast. Compos. 2008, 27,
2001–2004.
97. Arici, A.; Selale, S. Effects of tool tilt angle on tensile strength and fracture locations of friction
stir welding of polyethylene. Sci. Technol. Weld. Joining 2007, 12, 536–539.
98. Nandan, R.; DebRoy, T.; Bhadeshia, H.K.D.H. Recent advances in friction-stir welding—Process,
weldment structure and properties. Prog. Mater. Sci. 2008, 53, 980–1023.
99. Minak, G.; Ceschini, L.; Boromei, I.; Ponte, M. Fatigue properties of friction stir welded
particulate reinforced aluminium matrix composites. Int. J. Fatigue 2010, 32, 218–226.
100. McClure, J.C.; Tang, W.; Murr, L.E.; Guo, X.; Feng, Z.; Gould, J.E. A thermal model of
friction-stir welding. In Trends in Welding Research; Vitak, J.M., David, S.A., Johnson, J.A.,
Smartt, H.B., Deb Roy, T., Eds.; Am Welding Soc/ASM Int: Materials Park, OH, USA, 1999;
pp. 590–595.
101. Mishra, R.S.; Mahoney, M.W. Friction stir processing: A new grain reﬁnement technique to
achieve high strain rate superplasticity in commercial alloys. Mater. Sci. Forum 2001, 357–359,
507–512.
102. Rhodes, C.G.; Mahoney, M.W.; Bingel, W.H.; Spurling, R.A.; Bampton, C.C. Effect of friction
stir welding on microstructure of 7075 aluminum. Scr. Mater. 1997, 36, 69–75.
103. Liu, G.; Murr, L.E.; Niou, C.-S.; McClure, J.C.; Vega, F.R. Microstructural aspect of the friction
stir welding of 6061-T6 aluminum. Scr. Mater. 1997, 37, 355–361.
104. Murr, L.E.; Li, Y.; Flores, R.D.; Trillo, E.A.; McClure, J.C. Intercalation vortices and related
microstructural features in the friction-stir welding of dissimilar metals, Mater. Res. Innovations
1998, 293 150–163.

Materials 2010, 3

350

105. Li, Y.; Murr, L.E.; McClure, J.C. Flow visualization and residual microstructures associated with
the friction-stir welding of 2024 aluminum to 6061 aluminum. Mater. Sci. Eng., A 1999, 271,
213–223.
106. Guerra, M.; McClure, J.C.; Murr, L.E.; Nunes, A.C. Metal ﬂow during friction stir welding. In
Friction Stir Welding and Processing; Jata, K.V., Mahoney, M.W., Mishra, R.S., Semiatin, S.L.,
Field, D.P., Eds.; TMS (The Minerals, Metals and Materials Society): Warrendale, PA, USA,
2001; pp. 25–34.
c 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.
°
This article is an open-access article distributed under the terms and conditions of the Creative Commons
Attribution license http://creativecommons.org/licenses/by/3.0/.

